Mutations in the MYO7A gene, encoding the motor protein myosin VIIa, can cause Usher 1B, a deafness/blindness syndrome in humans, and the shaker-1 phenotype, characterized by deafness, head tossing, and circling behavior, in mice. Myosin VIIa is responsible for tension bearing and the transduction mechanism in the stereocilia and for melanosome transport in the retina, in line with the phenotypic outcomes observed in mice. However, the effect of the shaker-1 mutation, a R502P amino acid substitution, on the motor function is unclear. To explore this question, we determined the kinetic properties and the effect on the filopodial tip localization of the recombinant mouse myosin VIIa-5IQ-SAH R502P (myoVIIa-sh1) construct. Interestingly, although residue 502 is localized to a region thought to be involved in interacting with actin, the kinetic parameters for actin binding changed only slightly for the mutant construct. However, the rate constant for ATP hydrolysis (k ؉H ؉ k ؊H ) was reduced by ϳ200-fold from 12 s ؊1 to 0.05 s ؊1 , making the hydrolysis step the rate-limiting step of the ATPase cycle in the presence and absence of actin. Given that wild-type mouse myosin VIIa is a slow, high-duty ratio, monomeric motor, this altered hydrolysis rate would reduce activity to extremely low levels. Indeed, the translocation to the filopodial tips was hampered by the diminished motor function of a dimeric construct of the shaker-1 mutant. We conclude that the diminished motor activity of this mutant is most likely responsible for impaired hearing in the shaker-1 mice.
Myosins are a large family of mechanochemical motor proteins that are well-known for their role in muscle contraction and other cellular processes, such as cargo transport, cell division, phagocytosis, etc. (1) (2) (3) . Myosins have a motor domain that contains the nucleotide-and actin-binding sites, a neck domain that binds the light chains, and a tail domain that has a variety of functions, including cargo binding (4) . They hydrolyze ATP to ADP and P i to provide the energy for muscle contraction (5) , cellular motility, cargo transport, etc. (6) . About 35 classes of myosins (7) have been broadly categorized as either conventional or unconventional myosins. Conventional myosins, such as skeletal myosin, usually have a role in muscle contraction, and unconventional myosins have a variety of roles, including intracellular transport, cell division, and cell motility (8 -11) .
Myosin VIIa is an unconventional myosin that has a motor domain, a 5IQ neck domain, a single-␣-helix (SAH) 2 domain, two large repeats of a myosin tail homology 4 (MyTH4) domain, an SH3 domain, and two 4.1-ezrin-radixin-moesin (FERM) domains that may function as a cargo-binding site (12, 13) . It has been shown that the SAH domain can extend the functional length of the neck or 6IQ domain of myosin Va (14) . Recently, the 5IQ neck domain and the SAH domain of myosin VIIa were crystallized with apo-calmodulin bound to the IQ domains. The structure shows that the predicted SAH domain forms a stable single ␣ helix that can extend the lever arm (15) . Myosin VIIa is expressed in a number of mammalian tissues, including testis, kidney, lung, inner ear, retina, and the ciliated epithelium of the nasal mucosa (16, 17) . It has a role in cargo transport (18) , endocytosis, cell adhesion (19) , and tension bearing (20) . In the hair cells of the inner ear, it is localized to lateral links and by interaction with vezatin to the fibrillar links that connect the bases of adjacent stereocilia (20, 21) . Myosin VIIa influences actin treadmilling and therefore regulates the height of stereocilia (22) . Actin assembly might also be regulated by the cargo protein twifilin-2, which binds to myosin VIIa and caps and severs actin (23) . Grati and Kachar (24) showed that myosin VIIa and sans, a myosin VIIa-interacting protein, cluster at the upper tip-link density of the stereocilia, where they form a complex with harmonin-b. In this complex, myosin VIIa is the likely motor that pulls on the cadherin-23 protocadherin-15 complex and is directly linked to the mechanotransduction channel, which indicates a possible role for myosin VIIa in the transduction/adaptation mechanism. In the retina, myosin VIIa is present in the apical retinal pigmented epithelium, where it is involved in the transport of melanosomes by forming a complex with MyRIP and Rab27a (25) (26) (27) . In photoreceptor cells, it is associated with the ciliary and periciliary plasma membranes and transports opsin between the inner and outer segment (27) .
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Usher syndrome, an autosomal recessive inherited disease, is the most common condition that affects both hearing and vision (28, 32) . The prevalence of Usher syndrome in the United States is about 1 in 23,000 live births (33) . It is clinically classified into three subtypes. About half of the cases of Usher syndrome belong to the most severe Usher1B subtype. Mutations in the MYO7A gene lead to the shaker-1 phenotype in mice that partially replicate the symptoms of Usher syndrome (34) . The "original" shaker-1 (34, 35) mice carry a missense mutation in the MYO7A gene, which results in the R502P amino acid substitution in the motor domain, leading to deafness, head tossing, circling behavior, and a mild retinal phenotype (34) . Developmental and electrophysiological studies have shown that the shaker-1 mice have minor (36) anomalies, such as the predominance of outer hair cells with only two rows of stereocilia instead of the more usual three. These mice showed increased cochlear responses, which is abnormal and may interfere with the cochlear function (36) .
Previously, we found that the wild-type mouse myosin VIIa is a slow, high-duty ratio, monomeric motor protein (37) . To understand the motor biochemistry of the shaker-1 myosin VIIa in the present study, we used the baculoviral expressed truncated shaker-1 (myoVIIa-sh1) construct to analyze the mechanochemical cycle of this mutant. The Arg-502 residue is in a loop between the Q and R helices that has been called the activation loop (38) or supporting loop (39) that interacts with the N-terminal segment of actin in many myosins. In the shaker-1 mutant, the sequence of this loop is changed from NRPM to NPPM. This is likely to alter the conformation of the Q helix-loop-R helix structure, which is relatively straight in all myosins. Fig. 1A shows the location of the Arg-502 residue superimposed on the crystal structure of the chicken myosin V (40). Fig. 1B shows the alignment of this loop for several myosins.
To better understand the physiological changes produced by this mutation, we have performed a detailed study of the ATP hydrolysis mechanism to determine which steps are altered by the R502P shaker-1 mutation.
Results

Steady-state basal and actin-activated ATPase activity of myoVIIa-sh1
The basal and actin-activated ATPase activities were measured by an NADH-coupled assay. The basal steady-state rate of 0.03 s Ϫ1 was activated ϳ1.8-fold by actin filaments, which resulted in a rate of 0.054 s Ϫ1 (Fig. 2) . The actin concentration Kinetic mechanism of shaker-1 myosin VIIa at half-maximum of the steady-state ATPase rate was 2.74 Ϯ 0.2 M. There was a 10-fold decrease in the basal steady-state ATPase activity from 0.2 to 0.03 s Ϫ1 for the myoVIIa-sh1 compared with myoVIIa-WT (wild type) (37) . Similarly, the actinactivated steady-state ATPase of myosin VIIa-sh1 decreased more than 10-fold from 0.7 s Ϫ1 to 0.054 s Ϫ1 . The lower K actin measured for myoVIIa-sh1 compared with the myoVIIa-WT is probably due to the lower maximum rate, not tighter binding of the myosin VIIa-sh1-ADP-P i complex to actin filaments. These results (summarized in Table 1 ) suggest a significantly reduced motor function for the myoVIIa-sh1 mutant for which there is little if any actin activation of the basal steady-state ATPase.
To investigate which step(s) of the ATP hydrolysis cycle are affected by the shaker-1 mutation, we have done a detailed kinetic study using stopped-flow fluorescence and quenched flow. Scheme 1 is a schematic representation of the ATPase cycle. To investigate the kinetics of myoVIIa-sh1 binding to actin, we performed single mixing stopped-flow experiments by mixing myosin with actin in the presence or absence of ADP. The change in light scattering was recorded, and time courses were fit to a biexponential equation (Fig. 3A) . The fast phase represents the kinetics of actin binding to myoVIIa-sh1 or myoVIIash1-ADP and depends linearly on the actin concentration (Fig.  3B) . The second phase was erratic and did not show a dependence upon actin concentrations and was not plotted. The apparent second order rate constant for myoVIIa-sh1 binding to actin is k A ϭ 2.2 M Ϫ1 s Ϫ1 in the absence and k DA ϭ 0.5 M
Ϫ1
s Ϫ1 in the presence of ADP (Fig. 3B) . Compared with our previously published data using wild-type myosin VIIa, there is a ϳ50% reduction in the second order rate constant for actin binding to myosin VII-sh1 in the absence of ADP and a ϳ5-fold reduction in the presence of ADP.
ATP binding and hydrolysis dmantATP binding to myosin VIIa-sh1 and actomyosin
The binding of dmantATP to myoVIIa-sh1 and actomyoVIIa-sh1 was measured by mixing dmantATP and myoVIIash1 or actomyoVIIa-sh1 in the single mixing stopped flow (Fig. 4, A and B) . The fluorescence increase was fit to a single exponential equation. The data showed a linear dependence on dmantATP concentration and resulted in an apparent second order rate constant of 1.7 M Ϫ1 s Ϫ1 for ATP binding (k T ) to myoVIIa-sh1 and a rate constant of 1.2 M Ϫ1 s Ϫ1 for ATP binding (k AT ) to actomyoVIIa-sh1 (Fig. 4C ). These rate constants were not significantly different from those observed for dmantATP binding to wild-type myosin VIIa and actomyosin VIIa (37) .
Quenched-flow measurements of pre-steady-state hydrolysis- REACTION 1 We used quenched flow to determine the rate of the hydrolysis step (Reaction 1). Reaction 1 describes the steps in the ATP hydrolysis measured by quenched flow. There is an initial fast phase, which is a measure of ATP binding and hydrolysis, and a slow phase, which is limited by phosphate dissociation. In these experiments, myoVIIa-sh1 was mixed with substoichiometric amounts of ATP, and the data were best fit by a single exponential equation resulting in a rate of 0.05 s Ϫ1 (Fig. 5) , which is only slightly faster than the basal steady-state ATPase rate, 0.03 s Ϫ1 , measured in Fig. 2 . We also carried out stopped-flow experiments to measure the rate of the increase in tryptophan fluorescence by mixing myoVIIa-sh1 with ATP and observed a signal with only a 2% fluorescence increase (data not shown). The smaller signal for the shaker-1 mutant may be due to M-ATP being the primary steady-state intermediate rather than M-ADP-P i , as was observed for the wild-type myosin VIIa. The rate of ATP binding was determined by the initial slope of 0.5
, which is 4-fold slower than was measured for the wild-type protein. This indicates that ATP binding is faster Kinetic mechanism of shaker-1 myosin VIIa than the rate measured for the hydrolysis, which is 200-fold slower than measured for the wild-type myosin VIIa. This interpretation of the mechanism is consistent with the small actin activation of the steady-state ATPase rate to a value equal to that of the hydrolysis rate shown in Fig. 5 . It was surprising that the primary effect of the mutation is on the hydrolysis step and not on the actin binding, as the R502P shaker-1 mutation is part of the actin-binding interface, which is on the other side of the myosin molecule from the ATP-binding site (Fig. 1A) .
Dissociation of myoVIIa-sh1 from actin upon ATP binding (AM ϩ ATP^AM-ATP 3 A ϩ M-ATP)-ATP
binding to rigor myosin is followed by a change in the conformation of the myosin that results in reduced affinity and rapid dissociation of the M-ATP from actin. The rate of dissociation of myoVIIa-sh1 from actin in the presence of ATP was determined by measuring the change in light scattering (Fig. 6 ). ActomyoVIIash1 was mixed with increasing concentrations of ATP in the stopped flow. The change in light scattering was recorded, and the average of the fast phase from three traces was fit to a single exponential equation. The observed rate constants were plotted against the ATP concentrations, and a maximal rate (k ϪTA ) of 420 s Ϫ1 and a k AT of 1.2 M Ϫ1 s Ϫ1 were obtained (Fig. 6B ). There was a ϳ1.3-fold difference between the maximal rates of dissociation from actin measured for the myoVIIa-sh1 when compared with myoVIIa-WT, which are the same within the error of measurement of such rapid steps (37) . (Fig.  7) . Time courses were fit by single exponentials (Fig. 7, A and B) , and a linear fit to the observed rate constants resulted in a second order rate constant of k D ϭ 0.4 M Ϫ1 s Ϫ1 for dmantADP binding to myoVIIa-sh1, which is one-third the rate measured for the wild type, and k AD ϭ 1.8 M Ϫ1 s Ϫ1 for dmantADP binding to actomyoVIIa-sh1, which is similar to the wild-type myosin VIIa (Fig. 7C) .
Dissociation of ADP from actomyosin VIIa-sh1 (AM-ADP ϩ ATP^AM ϩ ATP 3 A ϩ M-ATP)-The rate of ADP dissociation from actomyoVIIa-sh1-ADP was measured by mixing actomyosin VIIa-ADP with increasing concentrations of ATP and recording the change in light scattering (Fig. 8) . The observed rate constants can be used to measure the rate of ADP dissociation from actomyoVIIa-ADP because the dissociation of myosin from actin by ATP is limited by the rate of ADP dissociation. Time courses were monophasic and were fit to single exponential equations (Fig. 8A) . The observed rate constants showed a hyperbolic dependence on the ATP concentration, resulting in a maximal rate of k ϪAD ϭ 1 s Ϫ1 (Fig. 8B ) that is similar to what was obtained for the wild-type myosin VIIa construct (37) .
Phosphate release (M-ADP-P i ϩ A^AM-ADP-P i 3 AM-ADP ϩ P i )-A fluorescently labeled phosphate-binding protein (MDCC-PBP) was used to monitor inorganic phosphate dissociation from the actomyoVIIa-sh1-ADP-P i complex. In a double mixing stopped-flow experiment, myoVIIash1 was first mixed with substoichiometric ATP and incubated for 10 s to allow ATP binding and hydrolysis to occur, followed by mixing with increasing concentrations of actin filaments to measure the rate of phosphate release from actomyoVIIa-sh1-ADP-P i . Time courses were fit to single exponential equations (Fig. 9A) . The maximal rate constant of phosphate dissociation Kinetic mechanism of shaker-1 myosin VIIa (k ϪDAP ) was Ն0.05 s Ϫ1 (Fig. 9C ). The observed rates of phosphate dissociation were not dependent on the actin concentration and were the same within experimental error as the rates observed by quenched flow, 0.05 s Ϫ1 , for the hydrolysis in Fig. 5 . Double exponential fits of the signal obtained in these experiments (Fig. 9B) show that there is a small component (5-20% amplitude) with a rate constant of ϳ0.2-0.7 s Ϫ1 , which is faster than the actin-activated steady-state rate but still ϳ20-fold slower than the rate observed for phosphate dissociation from wild-type actomyosin VIIa-ADP-P i (37) . This is consistent with the ATP hydrolysis being the rate-limiting step, because, based on these observations, M-ADP-P i comprise only ϳ10% of the intermediates, and ϳ90% of the steady-state intermediates are in the M-ATP state. This is very different from what was observed for the myosin VIIa-WT, for which the amplitude of the fast phase was ϳ50% and the extrapolated maximal rate of phosphate dissociation was Ͼ12 s Ϫ1 . The transient kinetic data are summarized in Table 2 .
Localization of myoVIIa-WT and myoVIIa-sh1 in HeLa cells-To further understand the motor function of this mutant and how the shaker-1 mutation affects localization of the myosin VIIa to the filopodial tips, we transfected HeLa cells with pEGFP-C1-myoVIIa-WT-GCN4 or pEGFP-C1-myoVIIa-sh1-GCN4 constructs. An accumulation of the myosin VIIa at the tip of filopodia was only observed by transfection with pEGFP-C1-myoVIIa-WT-GCN4 but not pEGFP-C1-myoVIIa-sh1-GCN4 (Fig. 10) . In addition, we did not observe any filopodial tip localization with either the wild-type or shaker-1 monomeric constructs (data not shown).
The lack of accumulation of the shaker-1 protein at the filopodial tips indicates that the motor function is essential in this process, as was observed by Sakai et al. (25) . 
Kinetic mechanism of shaker-1 myosin VIIa
Discussion
Mutations in the MYO7A gene cause Usher syndrome type IB, which is an inherited deafness/blindness disorder (28) . The shaker-1 mice, the mouse model for Usher 1B, exhibit circling behavior, head tossing, deafness, and mild retinal phenotype (34, 41, 42) . We have previously published the kinetic analysis of the wild-type mouse myosin VIIa (37) . The WT myosin VIIa has a steady-state ATPase rate of 0.7 s Ϫ1 and is a high-duty ratio motor (0.6). The rate-limiting step of the ATP hydrolysis mechanism is partially the ADP dissociation from actomyosin ADP and partially the attached hydrolysis at high actin concentrations. A point mutation in the myosin VIIa sequence is responsible for the arginine to proline substitution of residue 502 in the shaker-1 mice.
In this study, we have analyzed the motor biochemistry of the baculovirus-expressed myosin VIIa-5IQ-SAH shaker-1 mutant (R502P). The maximal rates of the basal steady-state ATPase and the actin-activated steady-state ATPase are 0.030 Kinetic mechanism of shaker-1 myosin VIIa and 0.054 s
ADP binding
k D (M Ϫ1 s Ϫ1 ) 1.2 Ϯ 0.06 0.4 Ϯ 0.04 dmantADP Stopped-flow fluorescence k ϪD (s Ϫ1 ) 2.1 Ϯ 0.06 1.6 Ϯ 0.43 dmantADP Stopped-flow fluorescence K D (M) 1.75 4 dmantADP k ϪD /k D k AD (M Ϫ1 s Ϫ1 ) 1.5 Ϯ 0.09 1.8 Ϯ 0.08 dmantADP Stopped-flow fluorescence k ϪAD (s Ϫ1 ) 1.7 Ϯ 0.2 1.8 Ϯ 0.2 dmantADP Light scattering k ϪAD (s Ϫ1 ) 1.28 Ϯ 0.09 1 Ϯ 0.01 ADP Light scattering K AD (M) 1 0.8 dmantADP k ϪAD /k AD P i release k ϪDP (s Ϫ1 ) 0.26 Ϯ 0.07 0.05 ATP MDCC-PBP k ϪDAP (s Ϫ1 ) 12 Ϯ 0.03 Ն0.05; Ͼ0.2 b ATP MDCC-PBP Actin binding k A (M Ϫ1 s Ϫ1 ) 4.7 Ϯ 0.25 2.2 Ϯ 0.2 Light scattering k DA (M Ϫ1 s Ϫ1 ) 2.6 Ϯ
Ϫ1
, respectively, indicating that there is almost no actin activation of the basal rate. These rates are 6 -15-fold slower than we observed for the wild-type construct (37) . The major finding is that the observed rate of the ATP hydrolysis step, 0.05 s
, measured directly by quenched flow, is ϳ200-fold slower than we obtained for the wild-type myosin VIIa. Because there was Ͻ2-fold actin activation of the steady-state ATPase, we used Equation 1 to calculate the duty ratio of the shaker-1 construct (43) to be 0.04, which is ϳ15-fold lower than we obtained for the wild-type myosin VIIa (0.6).
Consistent with the hampered motor function of the shaker-1 mutant, there was no filopodial tip localization of the EGFPtagged dimeric construct.
In the kinetic mechanism shown in Scheme 2, the rapid ATP binding to myosin VIIa is followed by slow and rate-limiting ATP hydrolysis. Actin accelerates phosphate dissociation, but the steady-state rate only increases 2-fold, as it is limited by the slow hydrolysis step. The small amplitudes of the phosphate dissociation measured in double mixing experiments in Fig. 9 are due to the slow hydrolysis rate and similar rate of breakdown of M-ADP-P i to products in the absence of actin. A mechanism in which the hydrolysis step is reversible and the phosphate dissociation rates are more rapid would produce similar experimental results, but our data cannot distinguish between the two mechanisms. The most surprising result is the large effect of the mutation on the rate of the hydrolysis step that becomes the rate-limiting step of the mechanism, considering the distance between the site of the mutation and the active site (Fig. 1A) . The specificity of reduction of the hydrolysis rate can be compared with the modest changes in the rates of ATP dissociation of actomyosin and the rate of ADP dissociation from actomyosin. Bar graphs show the comparison between the rate constants of the shaker-1 mutant and wild-type myosin VIIa constructs. It has been previously observed by White et al. (44) that actin binding to myosin decreases the rate of the hydrolysis step, which suggests that the mutation might mimic the effect of actin binding on the catalytic site of myosin. As it was shown in Fig. 1A , the shaker-1 mutation is in a loop (activation/supporting loop) of a helix-loop-helix structure in the actin-binding interface in which two short concentrically aligned helices (Q and R helices) are connected by 3-6 amino acids that may contain as many as three prolines in some myosins. The sequence of the loop and the flanking sequences are unique to myosin VIIa when compared with several other myosins (Fig.  1B) . Previous work showed that the activation loop has a role in actin activation (38) .
Our results indicate that besides actin binding, the "activation loop/supporting loop" has a significant role in the detached hydrolysis step. A question that remains to be answered is how a mutation near the actin-binding site, which is on the opposite side of the myosin head from the ATP-binding site (Fig. 1A) has only modest effects (Ͻ2-fold) on the rates of actin, ADP, and ATP binding to myosin VIIa-sh1 but has such a large effect (ϳ200-fold) on the rate of ATP hydrolysis ( Table 2 ). Fig. 1A shows the direct connection via the relay loop and relay helix between R502P and switch 2 of the active site. Along this pathway in the relay loop is Trp-484, which has a fluorescence enhancement that is coupled to ATP hydrolysis in the active site. It is thought that this fluorescence enhancement is produced by a conformational change that precedes hydrolysis of ATP (38, 45) . The amplitude of the fluorescence enhancement is decreased by a factor of 2 in the shaker mutant, which suggests that the conformational change that occurs before ATP hydrolysis has been significantly altered by the mutation. We therefore propose that the mutation R502P in the activation loop alters the movement that is required for the conformational change that precedes hydrolysis. Future structure- Kinetic mechanism of shaker-1 myosin VIIa function studies are needed to determine whether this mechanism is correct.
Experimental procedures
Construction of the shaker-1 mutant cDNA and expression and purification of the shaker-1 protein
The cDNA containing the shaker-1 (R502P) mutation (myoVIIa-sh1) was engineered by site-directed mutagenesis of the wild-type mouse pFastBac 1 myosin VIIa-5IQ-SAH construct, which contains the head domain, the neck domain, and an SAH domain with a C-terminal FLAG tag (DYKDDDK) (37) .
The myoVIIa-sh1 construct was transformed into DH10Bac cells (Invitrogen). The Bacmid DNA was then transfected into SF9 insect cells to produce the low-titer myoVIIa-sh1 virus, which was amplified by several passages to obtain the high-titer virus stock. The high-titer baculovirus containing myoVIIa-sh1 was co-infected with calmodulin (CaM) virus into SF9 cells for protein expression. FLAG affinity chromatography was used to purify the myoVIIa-sh1 protein. For further purification and concentration of the protein, a Q-Sepharose column and a step salt gradient (100 -500 mM KCl) were used. The protein concentration was determined from A 280 Ϫ 1.5 A 320 (A 320 was subtracted to correct for light scattering) using the extinction coefficient per active site of ⑀ 280 ϭ 0.099 M Ϫ1 cm Ϫ1 . All protein preparations were analyzed by SDS-polyacrylamide gel and active site titration with dmantATP.
Plasmids for expression of the myoVIIa-WT and myoVIIash1 in HeLa cells were engineered by subcloning the myoVIIa-WT-5IQ-SAH and myoVIIa-sh1-5IQ-SAH cDNA with and without a GCN4 sequence into the pEGFP-C1 expression vector using BglII and BamHI and the Infusion HD cloning kit (Clontech) to obtain both monomeric and dimeric constructs (Fig. 9 ).
Reagents
Actin was purified from rabbit skeletal muscle (46) . Rat calmodulin was expressed in BL21 (DE3) cells using the manufacturer's protocol (Invitrogen) and purified using Sepharose CL-4B (47, 48) . ATP and ADP were purchased from SigmaAldrich. MDCC-PBP was synthesized according to Brune et al. (49) . N-Methylanthraniloyl derivatives of the 2Ј-deoxynucleotides 3Ј-O-(N-methylanthraniloyl)-2Ј-deoxy-adenosine 5Ј-diphosphate (dmantADP) and 3Ј-O-(N-methylanthraniloyl)-2Ј-deoxy-adenosine 5Ј-triphosphate (dmantATP) were synthesized and purified according to the method of Hiratsuka et al. (50) . 7-Methylguanosine and purine-nucleoside phosphorylase were purchased from Sigma-Aldrich.
Actin-activated steady-state ATPase measurements
Experiments were carried out in a buffer containing 10 mM MOPS, 3 mM MgCl 2, 1 mM EGTA, pH 7.5, 25°C. Steady-state ATPase activity was measured by an NADH-coupled assay as described by Haithcock et al. (37) . The ATPase activity of the blanks containing actin filaments was subtracted from the actomyosin data.
Quenched-flow experiments
Chemical quench measurements were done using a computer-controlled stepper motor apparatus built in our laboratory (44) to drive syringes in a mixing unit from KinTek Corp. (Austin, TX). Solutions of myoVIIa-sh1 (8 M) and ATP (2 M) containing 100,000 dpm of [␥-32 P]ATP) were mixed, held in a delay line for the desired time, and then quenched by a second mix with 0.35 M KH 2 PO 4 , 2 N HCl to give a final volume of 1.0 ml. The total radioactivity in each sample was determined by counting 0.3 ml of the sample directly. A 0.6-ml portion of the sample was mixed with an equal volume of a 10% (w/v) charcoal slurry and spun for 3 min at 10,000 rpm in a tabletop Eppendorf centrifuge to remove unhydrolyzed ATP by binding to charcoal, and 0.6 ml of the supernatant solution was counted. The percent hydrolysis was obtained from the ratio of the radioactivity in charcoal treated to directly counted samples after subtracting the background from each. The data were then fit to single exponential or biexponential equations using Simplex fitting routines in Scientist (Micromath, Ogden, UT) to obtain amplitude and rate information.
Stopped-flow experiments
All stopped-flow measurements were done at 20°C using an SF-2001 stopped-flow apparatus (KinTek Corp.) fit with two 2-ml syringes and one 5-ml syringe. In double mixing experiments, myosin and ATP were mixed, allowed to incubate for the desired time, and then mixed with actin to give a 2:9 dilution of myosin VIIa and nucleotide and a 5:9 dilution of actin in the flow cell. Single mixing experiments resulted in a 2:7 dilution of myosin and 5:7 dilution of nucleotide or actin in the flow cell. The excitation light from a 75-watt xenon lamp was selected by using a 0.2-m monochromator (Photon Technology International, South Brunswick, NJ). All experiments were carried out in a buffer containing 10 mM MOPS, 3 mM MgCl 2 , 1 mM EGTA, 25 mM KCl, pH 7.5, at 20°C. Light scattering was measured by using an excitation wavelength of 450 nm and a 400-nm longpass filter. dmantATP was excited at 360 nm, and the emission was selected using a 400-nm long-pass filter. Phosphate dissociation from the actomyosin ADP-P i complex was measured using MDCC-PBP, as described by White et al. (44) . Background P i was removed by including a phosphate mop consisting of 10 mM 7-methylguanosine and 0.01 units/ml purine-nucleoside phosphorylase in all of the reaction solutions. For the experiments with MDCC-PBP, the excitation wavelength was 430 nm, and the emitted light was selected by a 450-nm longpass filter.
Data analysis and kinetic simulation
Three to four data traces of 1000 points were averaged, and the observed rate constants were obtained by fitting single exponential or biexponential terms to the data using the software package included with the KinTek stopped-flow instrument. Scientist (Micromath) software was used to replot the data for publication and for kinetic simulation.
Kinetic mechanism of shaker-1 myosin VIIa Transfection of myoVIIa-WT and myoVIIa-sh1 and staining of actin in HeLa cells
HeLa cells were seeded on glass coverslips in DMEM (Gibco) with 10% fetal bovine serum in 5% CO 2 at 37°C overnight and then transfected with the myosin VIIa constructs using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Fourteen hours after transfection, HeLa cells cultured on glass coverslips were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, washed three times with PBS, and then permeabilized with 0.1% Triton X-100 in PBS for 15 min at room temperature. Following blocking with 5% BSA in PBS for 15 min, the cells were incubated with 500 nM Texas Red phalloidin (Invitrogen) for 30 min at room temperature for actin staining. One drop of mounting buffer (Prolong Gold Antifade reagent with DAPI (Invitrogen)) was placed on the slide, and coverslips with cells were carefully put onto the mounting medium with the cell side down. Images were taken using a BX50 microscope and DP70 camera equipped with a DP controller software using a 100ϫ objective (Olympus). The number of GFP-myosin VIIa at the tip of the filopodia were counted manually. 
